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Abstract 
We monitored vertical profile of soil moisture and groundwater level at the paddy field, which has low permeability, 
during subsurface irrigation and drainage. For the prediction of soil moisture movement in this paddy field, we made 
numerical simulation model used spreadsheet Microsoft EXCEL 2010. This model was written in finite difference 
method (FDM) in steady state. We prepared several sheets to calculate those equations, e.g., potential (=total head), 
stream function, and so on. Input governing equation into each cells, we solved governing equations. Consequently 
we found that 1) irrigated water moved to plow layer through filter materials of main drain, 2)groundwater level 
changed quickly during irrigation and drainage, 3)the numerical model succeeded to represent the measured profile of 
soil moisture in reasonable.  
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of the Scientific Committee of the conference. 
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1. Introduction  
Rice production in high quality and good quantity is one of the most important issues in Japan. 
Conversing of paddy field into multi-purpose one is also the important topic, in these days. Hence 
quantitative analysis of soil moisture movement in paddy field is precious subject. Here we introduce the 
new subsurface drainage system in paddy fields, which is able to control groundwater level. However, we 
have few knowledge of the subsurface drain, i.e. materials, setting depth, spacing and so on.   
Numerical simulation is one of the solutions to predict effective design of both irrigation and drainage. 
In this study, we used spreadsheet for the numerical analysis. We used Microsoft Excel 2010. Since one is 
not necessary to understand the computer languages, i.e. BASIC, FORTRAN, C, and is able to read 
* Corresponding author. Tel.: +81-25-262-6654; fax:+81-25-262-6854. 
E-mail address:aoda@agr.niigata-u.ac.jp. 
 t ors. Published by Elsevier B.  Open access under CC BY-NC-ND license.
 / r peer-review under responsibil ty of the Scientif c Com ittee of the conference
466   Tadao Aoda et al. /  Procedia Environmental Sciences  19 ( 2013 )  465 – 473 
source code without difficulties [1]. The spreadsheet numerical model is not being a black-box for 
beginners and for technicians. In order to simulate steady state soil moisture movement, Excel is useful to 
present two dimensional moisture profile and potential profile by its graphical options, and has solver 
option to fit hydraulic parameters [2]. Therefore, we studied spreadsheet soil moisture dynamics at the 
paddy field in the condition of layered soil with groundwater level controller. 
Fig. 1. Schematic plan of the test field; the main drain connected with supplementary drain with filter material, and continues from 
inlet to outlet in catch basin. The measured point water content and groundwater well were located center of longer levee, and lean 
to wet side. 
2. Materials and Methods 
2.1. Soil layers and soil water management system 
Test field located in Agano-City, Niigata Prefecture, Japan. The test fields have fine soil layers with 
low permeability and underflow water. The soil types of these layers are Heavy Clay for plow layer, Light 
Clay for hard pan, and Heavy Clay for subsoil. Draining of excess water was one of the main difficulties 
in this field. The combined subsurface drainage system was introduced in 2011. This system is able to 
control groundwater level. We showed schematic plan of the test field in Figure 1. The main drain 
connected with supplementary drains, and continuous from water inlet to outlet. Rice husk was filled as 
filter materials in backfill part of drain. Hence one is able to supply water from vertical pipe as water inlet, 
and to retain desired water level by used removable vertical pipe at water outlet. We showed vertical 
cross section of this drainage system in Figure 2 [3]. 
Fig. 2. Structure of main drain of the test field; (i): vertical pipe to inlet water, (ii): partition plate to drain surface water, (iii): 
vertical pipe to control groundwater level (removable it during drainage), (iv): percolation point during drainage. 
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2.2. Observation of groundwater level and soil moisture content 
We observed groundwater level and soil moisture content from the begging of subsurface irrigation to 
the end of drainage. This observation took around 24 hours. We prepared measurement well with 10 cm 
inner diameter and 70 cm depth, located next to measurement point of soil moisture, and monitored 
groundwater level with a ruler, simultaneously. In the same time, we monitored vertical profile of soil 
water at 10cm, 30cm and 70 cm in depth by used the Profile Probe (PR1, Delta-T Inc.) The monitoring 
point of soil water was located approximately center of cube, formed of two pairs of main drainages and 
supplemental drainages crossing. This soil water monitoring point of soil moisture was center of longer 
levee, and was 9m distance from longer levee. Before the analysis, we calibrated the relationship between 
voltage v and volumetric soil moisture content  in laboratory in wetting process. 
2.3. Numerical simulation model 
Numerical simulation model was consisted of two dimensional Finite Difference Model (FDM). The 
users of spreadsheet are able to deal with two dimensional cells as nodal points. Hence we input 
governing equations of soil moisture movement directly into cells without any programing. We prepared 
six sheets to calculate gravitational head, water content, hydraulic conductivity, pressure head, potential 
and stream function. First, we set boundary conditions of seepage domain. Then we calculate water 
content and hydraulic conductivity at each cell. The next, we computed potential and stream function. 
And finally, we calculate pressure head. During these computations, each cell referred corresponded cells, 
and automatically iterate until the calculation error becomes enough small. At the option page of 
calculation procedure, one can set maximum iteration number and minimum calculation steps. 
2.3.1. Governing equations 
 
The governing equation of soil moisture movement in steady state is  
0.x y
h hk k
x x y y
  (1) 
The governing equation for stream function  in steady state is  
1 1 0.
y xx k x y k y
  (2) 
Where h is potential (=total head = pressure head (=p/ w) +gravitational head z), p is liquid water pressure 
per unit area, w is weight of liquid water per unit volume,  is stream function, k is unsaturated hydraulic 
conductivity, x is horizontal axis (positive right direction), y is vertical axis (positive upward). kx is 
horizontal component of unsaturated hydraulic conductivity, ky is vertical component of unsaturated 
hydraulic conductivity [4, 5].  
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The feature of equation (2) is applicable to anisotropic soil and heterogeneous domain, and is confined to 
use steady state soil moisture movement. Subsequently, we descritize equation (1) as 
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Where x is an interval between nodal points in x direction, y is an interval between nodal points 
in y direction.  
In the same way, we descritized equation (2) as 
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 (4) 
2.3.2. Boundary conditions 
 
We showed boundary conditions of the seepage domain with layered soil, and applied equation (1) and 
equation (2) (see Figure 3). In Table 1, we showed defined potential h and stream function  on 
boundaries. 
Fig. 3. Boundary condition considered of soil layer. Datum is the bottom boundary in between impermeable layer and subsoil. ki 
(i=1 4) is unsaturated hydraulic conductivity, B: drain pipe, arrow: flow direction at boundary.  
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Table 1. Boundary condition of layered soil 
boundary A-B B(drain pipe) B-C C-D D-E-A 
stream function 
 
100% 100% 0% / n= / y=0 100% 
potential h 
 
h/ n= h/ x=0 
 
h=80+z, (during irrigation) 
h=0+z,   (during drainage) 
h/ n= h/ x=0 h=2+z,   (during irrigation) 
h=-20+z, (during drainage) 
/ n=0 
Where n is normal vector in outer direction. From equation (3), we derived potential h on boundary A-B 
and B-C as, 
 
2 2
0, 1, 0, 1 0, 1 0, 0, 1
0, 2 2
0, 0, 1 0,
.x j j y j j y j jj
x j y j y j
y k h x k h k h
h
y k x k k
 (5) 
 
Though the direction of soil water flow is opposite on the boundary A-B and B-C, one is able to apply 
equation (5) in both boundaries. In the same way, we derived equation (3) on boundary C-D is,  
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On boundary D-E, potential h is derived as, 
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Potential h on boundary E-A is, 
 
2 2
1, 1, , 1
, 2 2 .2
i Y i Y i Y
i Y
y h h x h
h
y x
 (8) 
 
Where X is maximum value of i axis, Y is maximum one j axis. Discretized as above, from equation (3) to 
equation (8) are able to calculate steady state seepage flow both in irrigation and drainage. 
2.3.3. Soil moisture characteristic curves and unsaturated hydraulic conductivities 
 
We used equation (9) [6] as soil water characteristic curve for each layered soils, 
 
.S rr
p
 (9) 
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To define unsaturated hydraulic conductivity for each soil layer, we used equation (10) [7] as, 
 
.
m
r
S
S r
k k  (10) 
 
Where, kS is saturated hydraulic conductivity (cm sec-1),  is volumetric water content (cm3 cm-3) r is 
residual water content, s is saturated water content, and m are estimated parameters showed in 
Table 2 [4]. In the horizontal direction of x, unsaturated hydraulic conductivity kx i,j at the border of two 
cells, was defined as arithmetic mean as, 
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In the same way, we define ky i,j as 2 
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Thus, differential coefficient of second order of equation (1) and (2) were not be discontinuous. Hence 
we succeed to simulate seepage flow at the border of soil layers. 
                       Table 2. Parameters of hydraulic properties for each soil layer. 
Parameters of each layer   s r ks cm s-1 m 
plow layer 11325 2.3 0.54 0.06 1.0e-4 3 
hard pan 1132.5 2.4 0.44 0.06 1.0e-5 3 
sub soil 113250 2.2 0.54 0.06 1.0e-5 3 
rice husk 1132.5 2.4 0.54 0.06 5.0e-2 3 
3. Results and Discussions 
3.1. Change of groundwater level (Observation) 
During subsurface irrigation, groundwater rose from -15cm to ground surface (see Figure 4). In 24 
hours later from the beginning of subsurface irrigation, groundwater connected with surface water, and 
was +2cm level. And groundwater fall from +2cm to -20cm in 48 hours, which equal to 24 hours from the 
beginning of drainage. 
By the way, we applied groundwater level, i.e. +2cm and -20cm as boundary conditions, for numerical 
analysis. 
3.2. Observed vertical profile of soil moisture 
We showed observed vertical profile of soil moisture content in Figure 4. During sub-surface irrigation 
and drainage, soil moisture content changed only at plow layer in the depth of 10cm. On the other hand, 
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at hard pan at the depth of 30cm, and at subsoil at the depth of 70cm, soil moisture content was 
approximately unchanged. Because of low permeability of hard pan and subsoil, irrigated water did not 
spread into those layers. Therefore, we supposed that the network of filtering material rice husk both, both 
of main drain and supplementary one, encouraged quick change of groundwater level. 
Fig. 4. Change of groundwater level during subsurface irrigation and drainage. White circles showed observed value, and dot line 
showed interpolation of them. From 0 to 24 hours, we supplied water from water inlet to subsurface pipe. We drained by using 
subsurface drain pipe from 25 to 48 hours. 
3.3. Simulated two dimensional streamlines  
In Figure 5, we showed stream lines in steady drainage conditions. The each color band shows the 
stream area in the same amount of moisture flow. The part of deep color showed high velocity of soil 
moisture. Though the stream lines bended at the border of soil layers, head toward drain pipe. 
 
Fig. 5. Two dimensional stream lines during steady drainage. Soil moisture moved toward drain pipe, and concentrated around 
backfill part. The legend showed the value of stream functions between zero to one (=maximum). 
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3.4. Simulated vertical profile of soil moisture 
We showed vertical profile soil moisture at the center of computational domain, where 32 cm from 
drain pipe, in steady subsurface irrigation and in steady drainage. Though the setting of hydraulic 
parameters in each soil layer still need improvement, we succeed to represent the observed vertical profile 
of soil moisture, which changed only at plow layer (see Figure 6). 
 
Fig. 6. Comparison of observed and simulated water content profile at the center of flow domain during steady irrigation and steady 
drainage. Water content changed only in plow layer. 
4. Conclusion 
We clarified the effective management of soil water by the combined drainage system at the test field. 
The rice husk as filter material of main drain and supplementary one played a key role to transport soil 
water quickly. The vertical pipes at water inlet and at outlet are the feature of this soil water control 
system. The former vertical pipe supplied water during subsurface irrigation, and added air pressure for 
smooth movement of excess water. 
We simulate soil water movement under layered soil condition used spreadsheet (Excel 2010). 
Consequently, this numerical model was, 1)able to apply into layered soil which has drain pipe, 2)made it 
to represent the fluctuation of soil water content in plow layer, hard pan and sub-soil, rationally. This 
model would be applicable for the planning of soil water management into multi-usage paddy field and 
Gulf turfs. 
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